ABSTRACT GaN is an attractive wide bandgap semiconductor for power applications, owing to its superior electrical properties, such as high critical electric field and saturation drift velocity. Recent advancements in developing native GaN substrates has drawn attention toward exploring vertical GaN power diodes with high breakdown voltages (V BR ). In practice, effective edge terminations techniques, such as junction termination extension (JTE) structures, play a crucial role in realizing high-voltage devices. Though certain challenges in fabricating GaN diodes, such as difficulty in forming p-type region, makes it difficult to realize edge termination, hence impeding the development and adoption of such devices. This paper aims to address these challenges by presenting the design and methodology of forming multi-zone, counterdoped JTE structures in vertical GaN diodes, which attains close to theoretical breakdown voltage for a wide range of tolerance in implant dose variation. Extensive device simulations using experimental data and including the effects of surface charges and implant profiles, are performed to present realistic results. The results suggest that >80% of ideal V BR is achievable for a wide range of doping concentration (2.4 × 10 17 cm −3 ) with a maximum V BR reaching 96% of the ideal value. This paper serves as the first step toward leveraging the current challenges in the fabrication of GaN diodes, by proposing optimum design techniques for realizing vertical GaN diodes with high breakdown voltages.
I. INTRODUCTION
Gallium Nitride (GaN) based devices are promising candidates for advanced power electronics due to its wide bandgap (3.39 eV), high critical electric field (3-4 MV/s), and high saturation-drift velocity for electrons [1] , [2] . The commercially available lateral GaN power devices have shown excellent electrical characteristics [3] , [4] , however the development of GaN vertical devices is severely hampered by its sensitivity to high defect densities, created by nonnative substrates [5] , [6] . The recent developments in native GaN substrates has enabled the exploration and development of vertical GaN power diodes, which have the capability of achieving high breakdown voltages (V BR ), high current capacity, better thermal management, with reduced chip area [6] - [9] .
Though having a wider bandgap should theoretically lead to high V BR , yet the typical V BR for planar junctions for all wide bandgap semiconductors are far from its theoretical 1-D value. This is primarily attributed to the well-known device edge field crowding caused by three-dimensional junction curvature effects [10] . One way to mitigate the effects of edge field crowding is the use of efficient edge termination techniques, such as junction termination extension (JTE). Effective edge termination structures have been developed for both Si [11] - [13] and SiC [10] , however directly transferring these techniques to GaN is difficult due to the processing challenges in GaN. An effective JTE technique requires realization of one or more low doped p-type regions, with the right doping concentration profile.
In GaN, it is difficult to selectively form p-type region, especially low doped p-type regions, by ion implantation or diffusion, due to challenges during processing [4] - [6] . The activation ratio of the implanted dopant ions remains low, and in order to activate the implanted dopants, very high temperatures are required (>1300 • C), which leads to the decomposition of GaN [14] . Though recently, an activation ratio of 10% has been demonstrated using novel annealing techniques such as SMRTA (Symmetric Multicycle Rapid Thermal Annealing) [14] . Additionally, various other methods, such as Mg implantation in unintentionally-doped GaN [14] , [15] and n-type GaN [16] , [17] , and selective p-GaN regrowth [18] have successfully shown ways of realizing p-type regions in GaN. However, the latter requires epitaxially growing the p + layer using MOCVD, etching outside the main junction, and then regrowing a p-JTE layer, which is a rather complex fabrication process and which may lead to the eventual degradation of material properties. In comparison to p-type implantation, implanting donor ions such as Si, N, etc. and their subsequent activation is much more viable [19] . There have been reports that indicate full compensation of p + GaN to create intrinsic insulating layer using nitrogen implantation [6] - [8] , as well as lowering the doping concentration of n-GaN layer using Mg ion implantation [20] .
Another challenge in realizing an effective JTE design is its sensitivity to doping concentration in the JTE itself. Any slight variations around the desired doping concentration level, a common artifact of the ion implantation process, can lead to considerably lower V BR s. Hence, JTEs should be designed such that high V BR s are achieved, even when there are variations in the doping concentration levels. The viability of single zone JTE (SZJTE) in vertical GaN was studied recently [5] , though the device exhibited a breakdown voltage that was considerably lower than expected [6] , which can be attributed to the variation in the doping concentration levels in the JTE.
Keeping in mind all the material processing challenges faced by GaN power diodes, it is important that the design of these structures try to compensate for the shortcomings in fabrication, a path also prescribed by the 2018 GaN power electronics roadmap [21] . Hence to overcome the aforementioned challenges, this work, to the best of our knowledge, proposes the first design and methodology of an alternative edge termination technique, where the acceptors in the p + layer are partially compensated (counter-doped) by n + implantation, to form the p − JTE region. Moreover, multiple zone JTE (MZJTE) technique is employed, which aims to achieve high V BR , coupled with the insensitivity towards doping concentration variation. The design is developed and verified through simulations by using extensive and realistic material properties (obtained from experimental results) and doping concentration profiles, and accounting for the effects of surface charges. We comprehensively investigate critical design aspects for GaN JTE structures, show optimal design points, and propose the viability of the design by partial compensation using ion implantation.
II. DEVICE STRUCTURE AND SIMULATION SETUP
The device schematic structure of the GaN power diode cell used in this work is illustrated in Fig. 1 . The epitaxial structure consists of a 100 µm thick n + -GaN substrate with a Si concentration of 2 × 10 18 cm −3 , followed by a 30 µm thick n − -GaN drift layer with a Si concentration of 5×10 15 cm −3 and a 400 nm thick p + -GaN with Mg concentration of 2 × 10 18 cm −3 . The main junction of the device, seen towards the left of the device, is made 15 µm wide and an insulating layer on the right has a lateral extent of 15 µm. The JTE, contained in a 400 nm thick layer, is realized by counter-doping the p + -GaN using n-implantation. To achieve higher percentage of parallel plane blocking voltage and to further mitigate surface electric fields, the JTE total width is made at least three times wider than the drift layer, as will be explained in Section III-A. This makes the overall cell width of the device 120 µm. An ohmic contact (anode) with a thickness of 100 nm and width 10 µm is formed on the p + -GaN layer and a nitride layer of 100 nm is defined for passivating the surface. Another ohmic contact is formed at the bottom of the device, which acts as the cathode.
Due to the two-dimensional nature of the fields, the best method to optimize the JTE ring design is by computer simulations [22] . 2D device simulator (provided by Synopsys Inc. [23] ) is used for all numerical device simulations in this work, with a cylindrical mesh to account for the junction curvature effects. An extensive literature analysis is performed to extract the physical and model parameters for GaN, based on previously verified experimental results. All relevant material and model parameters such as recombination, impact ionization, carrier mobility and lifetime, incomplete ionization, ohmic contacts, etc., obtained from previous experimental results, are used in this work. A partial list of these parameters, at room temperature, is shown in Table 1 . The breakdown condition for all simulations is set as the reverse bias voltage at which the impact ionization integral exceeds unity [35] .
The impact ionization coefficients (IIC) are the dominant variables in determining the breakdown voltage. The parameters A n/p and B n/p shown in Table 1 , are used to obtain a critical electric field of ∼3 MV/cm, which is consistent with the most commonly reported experimental data [3] . The 1D parallel plane theoretical breakdown voltage for the structure is determined to be around 4140 V.
Finally, the design methodology in this work is as follows: -(i) SZJTE simulations with uniform doping concentration profiles are performed to obtain optimum doping concentration where maximum V BR occurs, (ii) desired implant profiles are obtained, based on (i), and tailored using SRIM (Stopping and Range of Ions in Matter) [36] , (iii) the implant profiles in (ii) are used to design and optimize the MZJTE structure.
288 VOLUME 7, 2019 FIGURE 1. Cross-sectional schematic of the vertical GaN power diode cell with a single JTE structure. The JTE is formed outside the main junction by counter-doping the p + layer. The structure is terminated by an insulating layer. Fig. 1 shows the SZJTE structure, where the purpose of a JTE is to allow the spreading of equipotential lines emerging below the junction edge curvature toward the surface [37] . The effectiveness of the JTE lies on the charge available in it. It should be designed such that it is fully depleted at the maximum blocking voltage (optimum charge) and act as a high resistivity layer supporting high fields. If the available charge in the JTE is too low, the extension layer depletes at a much lower voltage, resulting in premature breakdown at the corner of the main junction. Alternatively, if the available charge is too high, the JTE does not fully deplete at breakdown and acts as an extension of the main junction, causing the breakdown to occur at the outermost edge of the JTE, at very low voltages. Hence, it is crucial to control the available charge in the JTE to achieve maximum efficiency. To achieve higher percentage of parallel plane blocking voltage and to further mitigate surface electric fields, the JTEs total width is usually made at least three times wider than the drift layer. Fig. 2 demonstrates the effect of the width of the JTE on V BR , for a uniform JTE doping concentration of 3.5 × 10 17 cm −3 . Since V BR saturates when the width reaches 3 × the drift layer thickness, a total width of 90 µm is chosen for the JTE width. Next, the uniform doping concentration profile of the JTE is varied to obtain the highest V BR . Fig. 3 (dashed blue) shows V BR versus the uniform doping concentration of the JTE where the maximum V BR is ∼97% of the ideal value. This corresponds to the full depletion of the JTE at a doping concentration of 3.5×10 17 cm −3 , hence it is the optimal doping concentration of the JTE structure. However, in order to obtain realistic results, the JTE must be simulated as an implant rather than a uniform region. Hence, implant profiles are designed to obtain different desired JTE doping concentration, which is presented next. 
III. SZJTE & IMPLANT PROFILE DESIGN A. SZJTE WITH UNIFORM DOPING PROFILE

B. IMPLANT PROFILE DESIGN
In order to realize the lightly doped p − JTE rings in GaN, n-type implantation is used to partially compensate the acceptors in the heavily doped p + layer. For any p − JTE doping concentration, the total dose of the n-implant can be determined using Eq. (1)
where N A(Epi) is the doping concentration of the p + layer, N A(Desired) is the desired JTE ring doping concentration, and T is the thickness of the JTE ring. For example, for a structure with p + epilayer doping concentration and thickness of 2 × 10 18 cm −3 and 0.4 µm, if the desired JTE doping concentration is 3 × 10 17 cm −3 , then a donor concentration of 1.7 × 10 18 cm −3 (corresponding to an n-type dose of 6.8 × 10 13 cm −2 ) is required. SRIM is used to obtain desired implant profiles, by varying dose and energy. These profiles are then fitted using a Gaussian profile in the device simulator, where the effect of lateral and longitudinal straggle (obtained from SRIM) is also considered. The profiles, to define a range of desired doping concentration levels, are obtained by scaling the dose of a single implant profile in the device simulator by using Eq. (1).
The profiles are tailored such that the total implanted donor concentration partially compensates the acceptors in the p + layer to a depth of 0.4 µm, thus creating a lightly doped JTE ring. However, it is seen that the expected V BR for such profile, based on the uniform SZJTE simulations, is severely reduced. The tail created by the implant profile increases the donor concentration in the drift layer right under the JTE, creating a thin and highly doped n + layer which causes degradation in V BR . If this n + layer is too large, the device breakdowns prematurely at the edge of main junction due to high electric fields. This can be prevented to a large extent by lowering the depth of the near constant concentration region of the implant, which also considerably reduces the penetration of the tail in the drift region. This can be achieved by lowering the energy of the last implant cycle. Although the unintended consequence of this is an increase in the acceptor charge in the JTE region. Since JTE is charge dependent, this again leads to a change in V BR . Hence, it is crucial to have a balance between the desired doping concentration profile and its tail. Keeping this tradeoff in mind, the implant profile obtained from SRIM (and its fit) is tailored such that it gives the same results (V BR ) as uniformly doped JTE. This is achieved by balancing the depth of the near constant concentration region of the profile with the extent of tail in the drift layer. Subsequently, the Gaussian dose is varied, using Eq. (1), to obtain implant profiles for different doping concentration levels. These implant results are then compared with the uniform JTE results to ensure that they are similar. As an example, Fig. 4 shows one such profile (for a required JTE doping concentration of 3 × 10 17 cm −3 ), where the SRIM profile and its Gaussian fit is displayed. Here, the total dose used is 6.74 × 10 13 cm −2 to obtain a total donor concentration of 1.7 × 10 18 cm −3 . Fig. 5 shows the net doping concentration profile (N D −N A ), which is obtained using the implant in Fig. 4 (accounting for the background concentration of 2 × 10 18 cm −3 in the p + region). It is seen that the implant produces a near constant concentration till a depth of ∼0.3 µm which creates a short tail in the drift layer. Fig. 3 shows a comparison between the results obtained from the uniform doping concentration and implant profiles for a SZJTE structure. The results indicate that the desired implant profiles achieve similar V BR s as compared to the uniform profiles for SZJTE. Thus, the obtained desired implant profiles are used in all subsequent simulations.
C. IMPACT IONIZATION COEFFICIENTS
To investigate the effect of electric field on V BR , two different sets of values for IIC are used for an SZJTE structure. Apart from the values listed in Table 1 , which gives an electric field of ∼3 MV/cm, another set of values for the same parameters (A n/p = 3.1 × 10 7 cm −1 and B n/p = 3.5 × 10 7 V/cm), which demonstrate an electric field of ∼3.75 MV/cm, is used [6] . These parameters give a theoretical breakdown voltage of 6790 V for the structure in Fig. 1 . The V BR comparison between the two electric fields is shown in Fig. 6 . For IIC which gives critical electric field of ∼3 MV/cm, the efficiency of the JTE is around 97% of the ideal value, achievable at a single doping concentration. However, if the 290 VOLUME 7, 2019 JTE doping concentration turns out to be even 5% higher than the optimal doping concentration, the V BR reduces by ∼30%. For IIC which gives critical electric fields of ∼ 3.75 MV/cm, the maximum achieved V BR is around 75% of the planar ideal value, also at a single doping concentration. The figures indicate that as the critical electric field increases, it is harder to achieve the planar ideal breakdown voltage with a SZJTE structure. This is important as with improvement in GaN material quality, the critical electric field is bound to improve, where recently a critical electric field up to 4 MV/cm was obtained [9] , thus making SZJTE structures unviable. Also, both curves indicate that for a SZJTE structure, if there is a slight variation in the JTE doping concentration, a common occurrence in an ion implantation process, the V BR varies substantially. Moreover, as discussed in Section III-B, the variations in the tail of the implant profile has a direct effect on the obtained V BR . Hence, to circumvent these issues, a MZJTE structure design is proposed in the next section. Fig. 7 shows the proposed MZJTE structure, containing three JTE concentric rings (as shown by dashed lines) around the main junction -inner ring as JTE 1 , middle ring as JTE 2 , and outer ring as JTE 3 . The total width of the three JTEs is designed to have the same footprint (90 µm) as that of SZJTE structure to maximize V BR . The doping concentration of each JTE ring must be low enough such that it is fully depleted before avalanche breakdown occurs [22] , and it should decrease in each subsequent ring while moving away from the main junction. Hence, it is helpful to adopt a systematic method of specifying the optimized doping concentration in each JTE ring. One approach is to change the doping concentration between the JTE rings by making use of doping ratios. Hence, for all subsequent simulations, the variables that are optimized are-1) The doping concentration of the outer ring, i.e., JTE 3 . 
IV. MZJTE DESIGN
3) Inner ratio (r i ):
The ratio of the inner ring's doping concentration to the middle ring's doping concentration; i.e., r i = N A(JTE1) : N A(JTE2) . 4) Pair of ratios (R): An ordered pair of the inner ratio and the outer ratio respectively; i.e., R = (r i , r o ). As an example, to illustrate the use of ratios, for R = (1.2, 1.5) if the outer ring doping concentration is 2 × 10 17 cm −3 , the corresponding middle ring doping concentration is 3 × 10 17 cm −3 , while the inner ring doping concentration is 3.6 × 10 17 cm −3 .
A. DESIGN CRITERIA AND METHODOLOGY
The three JTE rings fully deplete when their respective doping concentration is equal to the optimal doping concentration obtained in Section III-A. The design methodology behind MZJTE and the importance of ratios are explained with the aid of Fig. 8 , which shows the breakdown points within the structure with respect to the doping concentration of the outer ring, for R = (1.5, 1.5). The V BR exhibits three peaks as a function of outer ring doping concentration, which correspond to the full depletion of the corresponding ring. The outer ring V BR peak always occurs when its doping concentration is equal to the optimal doping concentration irrespective of R. The V BR peaks created by the depletion of middle and inner rings, with respect to outer ring doping concentration, are determined by r o and r i respectively. These ratios are important because, if the values of r o and r i are too small, the JTE rings doping concentration will be very close to one another and the structure will behave as a SZJTE structure. On the other hand, for large values of r o and r i , the doping concentration of the inner and middle JTEs may become larger than the doping concentration of the main junction. These constraints are used to obtain the limits for both r o and r i , where both these ratios should lie between 1.1 and 2. Furthermore, the three V BR peaks should be far enough from one another to widen the desired range of outer doping concentration, while avoiding the valleys VOLUME 7, 2019 291 formed in between, which can drop the V BR value to less than the acceptable value, i.e., 80% of the ideal value.
To gauge the performance of the MZJTE, the following metric is used -the design should achieve V BR of at least 80% of the planar ideal value and maintain it over a wide range of outer ring doping concentration (at least 2 × 10 17 cm −3 ). Any pair of ratios R that violates this requirement is not considered in this work.
B. MZJTE DESIGN AND OPTIMIZATION
Since the limits imposed on the ratios are 1.1 and 2, as discussed in Section IV-A, a number of ratio combinations which fall between these limits are considered for subsequent simulations. Fig. 9 shows the different feasible combinations of R that give a range of outer doping concentration with an acceptable value for V BR . Each bar represents a pair of ratios R, where it varies from 1.1 to 1.6. Any values larger than 1.6 cause the valleys between the peaks to drop the V BR value below the 80% threshold, hence are not depicted. In the figure, the height of the bar corresponds to the total range of the outer ring doping concentration, while its shade indicates the maximum achievable V BR for the corresponding pair of R. It can be seen that as both r o and r i increase, the desired range of doping concentration increases, but the maximum achievable V BR decreases, which is expected since the higher the ratio, the further the maximum V BR peaks are from one another. For small values of R, the maximum V BR peaks are closer to one another, thus increasing the highest achievable V BR , but for smaller range of outer ring doping concentration. 1 = (1.6, 1.1), (b) R 2 = (1.6, 1.6) and (c) R 3 = (1.5, 1.3) . The range signifies the doping concentration range which produces at least 80% of the ideal V BR . 1.8 × 10 17 cm −3 with maximum V BR of ∼98%, whereas the pair R 2 gives a total range of 2.4×10 17 cm −3 and the highest achievable V BR of ∼95%. For the latter, a ∼33.3% increase in range only drops the maximum V BR by ∼3%. Another pair of ratios, R 3 = (1.5, 1.3) , that balances between the range and maximum V BR is also shown in Fig. 10 , where the total range of doping concentration is 2 × 10 17 cm −3 and the maximum V BR is ∼97%. Finally, MZJTE results are also confirmed with the uniform results, similar to the SZJTE design discussed in Section III-A.
Overall, the proposed methodology presents various pairs of ratios, as evident from Fig. 9 , which can be used to produce MZJTE structures with high range of doping 292 VOLUME 7, 2019 concentration variation and high breakdown voltages. The designer, therefore, may select a suitable pair of R, depending on the feasibility and the requirements of his or her design.
V. EFFECT OF SURFACE CHARGE
The sensitivity of the JTE structure to surface charge is a reliability issue, as the JTE relies on the control of the implanted charge. Any additional charge on the surface will affect the V BR of the device, since it will alter the charge profile in the JTE. Due to subsequent anneals to activate dopants, the surface is often damaged or morphologically altered, producing unintended surface charges. The effect of both positive and negative surface charge is shown in Fig. 11 , for both SZJTE and MZJTE structures. It can be seen that negative surface charge has no significant effect on the JTE effectiveness. However, positive surface charge has no significant effect on the JTE effectiveness until it exceeds ∼1 × 10 12 Scm −2 and ∼1 × 10 13 cm −3 for SZJTE and MZJTE structures respectively. The presence of negative surface charges helps depleting the n-drift by compensating the positive charge at the ionized donors. On the other hand, the positive surface charge has the opposite effect which enhances the junction curvature and electric field, hence reducing V BR , which is expected for a p-type JTE/n-type substrate [35] .
VI. CONCLUSION
In this work, junction termination extension structures for vertical GaN power diodes have been investigated, using calibrated numerical simulations, realistic material parameters, and well-formed design strategy. The advancement of GaN material quality and the invariability of the ion implantation process, makes it difficult to obtain high breakdown voltages with only a single zone JTE structure. Hence, this work proposed the design of MZJTE structures in GaN, where the JTEs are realized by partial compensation of p + region, using n-implantation. The results show that by employing the proposed design, breakdown voltages as high as 96% of the ideal value can be achieved for a wide range of doping concentration (2.4 × 10 17 cm −3 ). While further improvements in the fabrication and activation of dopants in the p-GaN will enable the implementation of various edge termination methods to achieve near ideal breakdown voltage, this work aims to contribute towards the advancement in GaN power devices by leveraging the fabrication shortcomings with a comprehensive design for high blocking voltage structures in GaN.
